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Brown Spot of Pear: An Emerging Disease of Economic Importance in Europe
Brown spot of pear (BSP), a fungal disease caused by Stemphylium vesicarium (Wallr.) E. Simmons, is economically important in pear-production areas in Europe ( Fig. 1) (4, 14, 18, 31, 42) . The first outbreaks were reported in 1975 in the Emilia-Romagna region in Italy on Abate Fétel pear (31). In 1984, the disease was detected in Spain in the Catalunya region on Passe Crassane and Conference pears (42) . Subsequently, it has been reported from France (1987) , Portugal (1996) , The Netherlands (1997), and Belgium (2002) (4, 14, 18, 35) . The relative importance of BSP has increased significantly over the past 10 years in Europe, and it is now considered of similar or even higher incidence than apple scab. Epidemics may be severe, and depending on the year and pear growing area, global losses may be between 1 and 10% of total production, in spite of the control measures applied. Levels of disease (5 to 10%) one year may be followed by up to 90% infected fruit in the next year (28,42).
Symptoms
Necrotic lesions occur on fruit, leaves, petioles, and twigs. The first symptoms on fruit are observed at fruit set at the end of May, but more often during June. Initially, the spots on young fruits are circular, brown, and range from 1 to 2 mm in diameter, and sometimes are surrounded by a red halo. Later, on mature fruit, spots increase to 10 to 20 mm in size ( Fig. 2A) , and internal rot may occur if spots are invaded by saprophytic fungi such as Alternaria spp. Lesions are observed more frequently on the upper surface area and on the calyx on young fruit, and their numbers increase until harvest. Leaf symptoms consist of brown spots, ranging from 1 to 3 mm in diameter (Fig. 2B) , that are first observed from late April to May, but more frequently in June. Infections also can occur on young twigs. Severe outbreaks can result in premature defoliation, and fruit abscise prior to harvest (Fig. 2C) .
Causal Agent
S. vesicarium is the fungus that causes brown spot of pear. It has been previously shown to cause diseases of herbaceous crops such as garlic, onion, asparagus, alfalfa, and soybean, diseases of other fruit trees such as mango, and diseases of noncrop plants such as aster (2, 5, 12, 15, 16, 36, 41) .
The fungus belongs to the Class Hyphomycetes, Order Hyphales (Moniliales). It is characterized by conidia that are dark, oblong to oval, multicellular, and with one to five transverse septa and one to two series of longitudinal septa, constricted at one, or more commonly three, of the major transverse septa (Fig. 3A and B) (37) . The size of the conidia is dependent on the strain and the composition of the growth medium, but conidia range from 21 to 48 µm in length and 10 to 22 µm in width (3, 4, 31, 37) . In general, the length-to-width ratio is 1.5 to 2.7 for conidia developed in host tissue and 2.5 to 3.0 for those produced on laboratory growth media (37) . The aerial mycelium is filamentous, sparse, and hyaline, and conidiophores are erect, brown, and with only one terminal conidium.
The teleomorph of S. vesicarium is Pleospora allii (Rabenh.) Ces. & De Not, Class Ascomycetes, Order Pleosporales. P. allii produces pseudothecia that are brown to black, coriaceous, globose and ostiolate. The size of the pseudothecia depends on the substrate, with an average diameter of 100 to 500 µm (Fig. 3C) . Asci are bitunicate, cylindric-clavate (131 × 26 µm), and contain eight ascospores (Fig. 3D) . Ascospores are yellow-brown, ellipsoidal or oblong to clavate, averaging 32 × 14 µm, with three to seven transverse septa and one longitudinal septum in each of most initial transverse divisions of the spore, plus secondary ones in the transverse subdivisions (31,32)
Biological Cycle
The disease cycle is characterized by two phases. The asexual phase occurs during the vegetative period of pear growth in the spring and summer and produces the economic losses characteristic of the disease. The sexual phase occurs during the autumn and winter when the pathogen overwinters as pseudothecia in dead plant material.
In the autumn, pseudothecia of P. allii are formed on dead pear leaves and fruit (19) on the orchard floor. Pseudothecia are also produced on dead grasses such as species of Poaceae and Fabaceae, when inoculated by S. vesicarium strains isolated from pear (35) .
The maturation of pseudothecia begins with paraphyses filling the lumen of the pseudothecium, which is followed by asci formation and differentiation of eight ascospores in each ascus. Pseudothecia only develop under high relative humidity (RH) (>98%) at optimum temperatures between 10 and 15°C. The rate of maturation of pseudothecia decreases at 5°C, and pseudothecia do not mature at or above 25°C (19). The first mature pseudothecia are generally observed from the middle of December to the end of February, and most pseudothecia have asci completely devel-oped from mid-January to the end of April. Ascospores are released from pseudothecia on pear leaf litter from February to early June, depending on environmental conditions ( Fig. 4A and B) (19) . Ascospores are released by rain or heavy dew, conditions similar to those reported for P. allii on garlic (33) .
Despite the fact that the pathogen may overwinter as P. allii in dead material from pear or herbaceous plants, the role of this inoculum in the disease cycle is not known. On the one hand, P. allii ascospores obtained from virulent strains of S. vesicarium are infective on leaves and pear fruits (21). On the other hand, P. allii also has been described as a saprophytic fungus (35) . Furthermore, the first symptoms of the disease may appear at the end of May, but normally appear during June when the level of airborne ascospores is low. Therefore, the period in which ascospores are released usually does not match with disease development. Perhaps the contribution of these ascospores to epidemics, rather than producing infections, is to colonize plant material saprophytically on the orchard floor. Then later, under warmer environmental conditions, the asexual phase may produce airborne conidia which infect pear trees (35) .
The primary source of conidia during the growing season is not known. Airborne conidia can be trapped from late May to June, but the maximum numbers of conidia are trapped in the summer (Fig. 4C) . The maximum amount of conidia trapped is related to long wetness periods (>10 h) and air temperature between 15 and 25°C (34) . However, production of conidia of S. vesicarium has been observed rarely on infected leaves and fruit in trees during the growing season (17). Moreover, conidia are abundantly produced in dead material inoculated with S. vesicarium consisting of different pear cultivars or several species of grasses, and these conidia obtained from saprophytic growth remain capable to infect pear (35) . Therefore, it is likely that the source of airborne conidia and of infections observed during summer is on the orchard floor.
Field Conditions and Infection
Free water is required to initiate germination of conidia (28). Optimum temperatures for germination range from 15 to 32°C (10, 28) . The rates of conidial germination and mycelial growth are very high, because under optimum conditions, half of the conidia germinate in 1 h (28).
Temperature and wetness duration are important factors affecting fruit and leaf infection on pear (27). Optimum temperature for infection is between 20 and 25°C with a maximum at 22.6°C on fruit of cv. Passe Crassane and 21.1°C on leaves of cv. Conference. A minimum of 6 h of wetness is required for infection at the optimum temperature, and infection probability increased with increased wetness duration.
A detailed analysis of 1,300 daily periods performed in 11 orchards in northeastern Spain and in the Po Valley in Italy indicated that optimum conditions of wetness and temperature for infections occurred on only 5% of the days (20). The most frequent wetness duration ranged from 8 to 10 h, and the most frequent temperature during the wetness period was between 9 and 21°C (Fig. 5) . However, these conditions varied among regions. In a detailed analysis performed in Spain in four pear orchards during 5 years, it was found in most cases that wetness was produced at night as a consequence of dew and disappeared rapidly after sunrise, and was less frequently due to rainfall. Also, in 7% of the days with wetness, the wetness period was interrupted by a dry period shorter than 6 h. These periods of interruption could be classified as humid (26%), dry (45%), or mixed (29%) (18). We also found that low RH (60%) during periods of interrupted wetness stops the infection process (18). In contrast, high RH (96%) during the intervening dry period slowed infection rate when the duration of the interruption was <6 h, but the infection rate increased with the length of the wetness period interruption.
Another less frequent (<3.1%) observation in pear orchards is the presence of relatively long periods of high RH without dew formation. However, this situation is not expected to result in infections because disease was not observed in controlledenvironment experiments under high RH (>96%) without leaf wetness (18).
Susceptibility of Pear Cultivars
During the infection process, the pathogen produces two host-specific toxins, SVtoxin I and II (38) . The two host-specific toxins induce ultrastructural changes in the plasma membrane, at the level of plasmodesmata of susceptible leaf cells (39) . Toxins obtained from pear isolates cause necrosis only on susceptible pear tissues but not on other hosts. In addition, pear isolates of S. vesicarium showed a high degree of host specificity, suggesting the existence of pathotypes within the population (38) .
Susceptibility to brown spot depends on phenological stage and pear cultivar. The susceptibility of fruit and leaves decreases logarithmically with physiological age (26). Inoculations of the pathogen on immature and mature pear fruit under controlled environmental conditions showed differences in susceptibility among cultivars (4,9,26). Cultivars Passe Crassane, Abate Fétel, Alexandrine, and Conference are the most susceptible; Kaiser, Rocha, and Winter Nellis are moderately susceptible; and Williams, Blanquilla, Beurre Hardy, Louis Bonne, Grand Champion, and Highland are slightly or nonsusceptible (Table 1) .
Disease Management
Chemical control of BSP is currently achieved with preventative fungicide sprays applied every 7 to 14 days (6, 8, 17, 29, 30) . The most commonly used fungicides are dithiocarbamates (thiram, mancozeb), dicarboximides (procymidone), and strobilurins (kresoxim-methyl, trifloxystrobin). Other fungicides that can be used include captan, chlorothalonil, tolifluanide, tebuconazole, fludioxinil, and difenoconazole. Fungicides applied curatively are ineffective (17). This may be explained because once conidia germinate they begin to produce the SV-toxin (38) . Consequently, once infection has happened, the inhibition of germination or germ tube elongation by the curative fungicide occurs too late because the toxin already has been released and the necrosis will appear.
Fungicides vary in efficacy and with disease pressure (Fig. 6) . The criteria for selection of fungicides to manage the disease varies among countries and regions, but usually the choice of fungicides is based on their activity as well as which is most effective according to the phenological stage of the trees. However, in later growth stages, the fungicide type to be used is limited because of the preharvest interval allowed for specific fungicides.
The standard strategy for application of fungicides is based on fixed intervals (7 or 14 days depending on the type of fungicide). Sprays start at petal-fall and end a few days before harvest. For late-season cultivars (5 to 6 months from bloom to harvest), as many as 15 to 25 fungicide sprays are needed to maintain commercially acceptable levels of disease losses. These large amounts of fungicide increase the cost of production and may cause nontarget environmental and health effects in areas where the disease is a problem (20). Moreover, repeated use of procymidone has been associated with development of resistance of S. vesicarium to carboximide fungicides in Italy (1,7) . Although resistance of S. vesicarium to strobilurins has not been reported yet, repeated applications are not recommended because of potential high risk of resistance development for this class of fungicides.
Biological control agents have been tested for disease control on leaves and fruit. Trees were sprayed with spore suspensions of Trichoderma koningii and T. viride, but no disease reduction was observed (29). In another study, 400 strains of Pseudomonas fluorescens and Pantoea agglomerans were screened as possible biocontrol agents against S. vesicarium, using in vitro antagonism on different solid media and production of antifungal compounds in liquid assay. Of these 400 strains tested, 7% inhibited germination of conidia and mycelial growth. Among the inhibitory strains, only four were highly effective against BSP in detached leaf assays (24,25). The strain P. fluorescens EPS288 was tested using preventative foliar sprays at a dose of 10 8 CFU/ml on potted pear plants that were subsequently inoculated with conidia of S. vesicarium under greenhouse conditions (23°C and 70% RH). The results obtained in three trials showed moderate efficacy of control in comparison with nontreated control (25). However, when strain EPS288 was tested in orchard trials, it showed a very low efficacy (17). This was attributed to a low survival rate, poor colonization of pear leaves, and decreased competition with autochthonous microorganisms in the phyllosphere.
Another approach in biocontrol of BSP, instead of using biocontrol agents for foliar spraying, is to disrupt the disease cycle at the overwintering sexual phase. Biological control methods based on application of Trichoderma sp. formulations were effective in decreasing the overwintering inoculum of P. allii on leaf debris in the orchard floor (57 to 96% reductions in ascospores trapped) (21). However, the efficacy of this treatment was more effective when the product was applied at the beginning of pseudothecia maturation.
Sanitary methods to prevent pseudothecia formation during autumn and winter are also recommended. Mechanical methods that shred leaves or remove leaves from the orchard floor are effective in reducing ascospore release. Several field studies revealed that treatments based on leaf shredding decreased the amount of ascospores trapped by 82 to 93% in comparison with the nontreated control (21). However, removal of leaf and fruit debris from the orchard floor was the most effec- tive method, since practically no ascospores were captured. The wide range of susceptibility observed among cultivars also should be taken into account in disease management programs. Unfortunately, the commercial use of the existing low or nonsusceptible pear cultivars is not always possible due to market and consumer preferences. Therefore, resistance to BSP should be included in plant breeding programs of pear as new selection criteria.
Other cultural methods that can affect the incidence and severity are the irrigation system and tree nutrition (17). Overhead irrigation should be avoided because of the increase in relative humidity and wetness in the orchard. For the same reason, proper soil drainage is recommended. Management of fertilization to prevent nutrient deficiencies or excess nitrogen that stimulates vegetative growth also is important in minimizing disease.
Forecasting Systems
Because temperatures and the duration of wetness are not always conducive for infection, and frequent fungicide sprays are used for disease control, forecasting systems have been developed.
The FAST system (Forecaster of Alternaria solani on tomato) was developed for forecasting early blight on tomato caused by Alternaria solani (23). This system was evaluated for its accuracy in predicting infection periods of BSP and its usefulness for scheduling fungicide sprays for disease control (28). The FAST system was selected because the effects of temperature and moisture on germination of S. vesicarium conidia were similar to those of A. solani and because the fungi are taxonomically related. Two empirical models are incorporated in FAST. In the first model, the hours of leaf wetness and mean air temperature during the wetness period are combined to derive daily severity (S). In the second model, daily severity rating (R) is calculated as a function of average temperature and hours of relative humidity greater than 90% and a function of rainfall. Then, 7-day cumulative severity (CS) values and 5-day cumulative rating (CR) are calculated daily. Three trials, performed during 1989, 1990, and 1991 in pear orchards in Spain, showed that the periods of infection observed in the field coincided with those predicted by FAST. FAST was also evaluated in relation to its usefulness in scheduling fungicide sprays in trials performed during 1990 and 1991. The problem with using FAST as a system for scheduling fungicides for BSP control was that it calculates risk on the basis of the past 5 and 7 days of weather conditions, a period of time too long for the relatively fast infection rates of S. vesicarium.
The BSPcast model (Brown Spot of Pear forecasting system) was developed specifically for predicting infections of S. vesicarium on pear (27). Since the most important weather parameters affecting disease are wetness duration and mean temperature during the wetness period, experiments were performed under controlled-environment conditions to develop a model to forecast infections. Fruit and potted pear plants were inoculated with conidia of S. vesicarium and incubated at temperatures ranging from 5 to 30°C and wetness durations from 0 to 24 h. The plant and fruit were then incubated for symptom development in the absence of wetness at optimal temperature (21°C) and RH of 80%. Polynomial equations were developed for fruit and leaf infection using log 10 transformation of disease severity as the dependent variable. The best fit (R 2 = 0.92) was obtained on leaves. By means of this equation, the BSPcast computes daily disease severity as lesions/leaf (S) using daily wetness duration (W) and mean air temperature during wetness periods (T) according to:
Log 10 (S) = -1.70962 + 0.0289T + 0.04943W + 0.00868TW -0.002362W 2 -0.000238T 2 W Daily periods of 24 h used to measure W and T are considered from 8:00 GMT of previous day to 8:00 GMT of current day. Because the maximum daily disease severity (S) predicted by the model was 3.79, a relative daily infection risk (R) is calculated as R = S/3.79. Therefore, R ranged from 0 to 1. Then, a cumulative daily infection risk (CR) is obtained by totaling R values for the past 3 days. R and CR are calculated every day. The model was evaluated and validated for predicting disease severity in 42 field trials in Spain z Significance according to ANOVA with contrasts comparing fixed and BSPcast scheduled fungicide sprays; ** = significant (P < 0.05), ns = differences are not significant.
and Italy under a wide range of orchard and climatic conditions (17,20) (Fig. 7) . BSPcast was also validated as an advisory system for scheduling fungicide sprays in disease management programs in Spain and Italy (20,22) ( Table 2 and Fig. 8 ). No significant differences were observed in most trials in disease levels on fruits at harvest between the commercial fixed spray interval schedule and the guided sprays applied using CR thresholds of 0.4 or 0.5. Accordingly, CR values of 0.4 or 0.5 are used in Spain and Italy to trigger the fungicide sprays in orchards with a moderate disease pressure. Moreover, a less restrictive threshold of 0.6 is used in orchards with low disease pressure. However, in orchards with a high disease pressure history, a 7-to 15-day fixed spray schedule is recommended. The average savings in number of fungicide sprays applied using BSPcast compared with the fixed-spray schedule are from 20 to 70%. Currently, BSPcast is implemented as a warning system in the agrometeorological network of the Plant Health Service of Catalonia (Spain) and of the Servizio Fitosanitario Regionale Emilia-Romagna (Italy). BSPcast also has been tested with success in Belgium, The Netherlands, and Portugal.
Apart from the model for predicting infection by S. vesicarium, the PAMcast model (Pleospora allii Maturation forecast) was built to relate environmental conditions to the development of pseudothecia of the sexual phase (19). In a series of experiments, the effect of temperature and RH on the maturation of pseudothecia was determined under controlled environmental conditions. Pseudothecia developed only under high relative humidity (≥98%) at an optimal temperature from 10 to 15°C. A relationship was obtained between the percentage of mature pseudothecia (most asci with eight ascospores) and Cumulative Degree Days (CDD base = 0°C) of the form Ln(1/1 -y) = 0.12550 + 0.005048x, where y is the proportion of mature pseudothecia and x is CDD. Maturation requires 755 CDD, a value lower than for other fungi affecting apple and pear, such as Venturia inaequalis and V. pirina, which require 1,000 CDD (13, 40) . The PAMcast model has been evaluated under different orchard conditions in Spain (Fig. 9) (19) . The model can be used for determining when pseudothecia and ascospores are mature, and consequently to predict when ascospores are released in the field. In addition, it can be used to establish the date to begin running the BSPcast system for scheduling fungicide sprays.
Integrated Strategies for Control of BSP
Currently, the use of protective fungicides applied at fixed schedule or according to the BSPcast model is the most common tactic for management of BSP. However, the efficacy in disease control is limited, especially when disease pressure is high. This limitation may be overcome by incorporating additional or complementary methods to reduce the disease pressure, such as leaf shredding or removing fallen leaves from the orchard floor.
Integrated control of BSP requires a long-term sustained strategy based on the biology of the pathogen, on environmental factors affecting disease, as determined from the forecasting systems (BSPcast, PAMcast), on host susceptibility (cultivar type and phenological stage), on fungicide characteristics (type and mechanism of action), and on inoculum density (airborne spore concentration, estimation from leaf debris, or orchard history of BSP). Reductions of fungicide sprays obtained using this integrated approach not only are beneficial because of the cost savings realized due to reduced use of products, fuel, machinery, and labor (11), but also due to decreases in pesticide residues on fruit and lower environmental impact.
Future research on BSP should be focused on further defining the inoculum sources, improving the methods to decrease the overwintering inoculum (including sanitation and biological control agents), refinement of the forecasting systems, and development of monitoring methods based on molecular techniques for the specific detection and quantification of S. vesicarium and P. allii in plant material and airborne samples.
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